We investigate thermal emission from a metamaterial wire medium embedded in a dielectric host and highlight two different regimes for efficient emission, respectively characterized by broadband emission near the effective plasma frequency of the metamaterial, and by narrowband resonant emission at the band-edge in the Bragg scattering regime. We discuss how to control the spectral position and relative strength of these two emission mechanisms by varying the geometrical parameters of the proposed metamaterial and its temperature.
Introduction
Narrow-band light sources in the mid-infrared (IR) are restricted to light-emitting diodes (LEDs) and quantum cascade lasers, both being characterized by various fabrication challenges, limited efficiency and cost. Thermal light sources have been suggested as viable alternatives in the mid-IR. However, Planck's law [1] dictates their emission to be incoherent and broadband. In the last decade many theoretical and experimental efforts have been dedicated to the possibility of manipulating the black-body emission to realize narrowband mid-IR thermal light sources by using surface waves such as phonon-polaritons in gratings made of polar materials like SiC [2, 3] , plasmon-polariton in metallic gratings [4, 5] and leaky surface waves in semiconductor photonic crystals films [6] . Recently, selective thermal emitters based on a metamaterial (MM) perfect absorber have also been demonstrated [7] .
The "wire-medium" arguably represents the archetype of a MM. In a seminal paper [8] , Pendry and associates showed that a periodic structure made of very thin metallic wires could have an "effective" plasma frequency well below the plasma frequency of the single constituent elements, which is generally in the ultraviolet (UV)-range. The effective plasma frequency could be reduced to near-IR, THz or even GHz range by simply varying the geometry and arrangement of the wires. Heat radiation between metamaterials has been considered in [9] , and thermal near-field emission properties in anisotropic materials have been studied in [10] [11] . To our knowledge, the thermal emission properties of the MM wire medium have not yet been analyzed, and our study addresses this gap. The geometry analyzed in the current work is consistent with this metamaterial, as schematically represented in Fig. 1 , and it is based on a wire medium made of metallic columns with square profile d × d arranged in a cubic lattice of period Λ, embedded in a generic host medium with electric permittivity ε b . If we limit our analysis to the special case in which the electric field is entirely parallel to the wires and λ>>Λ, the effective permittivity of the structure can be written in the form of a lossy, spatially non-dispersive [8] , Drude model as:
where
are the effective plasma frequency and effective plasma wavelength, respectively, σ is the conductivity of the metal. The effective damping term γ eff in (2) not only depends on σ, but also on 1/d 2 which gives an extra degree of freedom in tailoring the absorption properties of the structure. The MM is finite over the z-direction with a thickness L = NΛ, where N is the number of rows of nanocolumns. We consider a plane, electromagnetic wave at normal incidence with electric field polarized along the wires.
In practice, for the particular polarization analyzed in this work (E-field parallel to the wires), the effective dispersive properties of the metamaterial wire medium become similar to that of a homogeneous metal slab [12] . For a generic polarization of the incident field, this approximation no longer holds and the effects of spatial dispersion become important (as discussed, for example, in [13] ). In the following, we analyze the thermal emission properties of this wire medium MM: in Section 2 we detail the main results of our study followed by a discussion and in Section 3 we present our conclusions.
Results and discussion
We start our analysis by studying the absorption of the structure under the excitation condition shown in Fig. 1 . The absorption A = 1-R-T, where R is the reflected power (reflectance) and T is the transmitted power (transmittance). According to Kirchoff's law [14] , the thermal emissivity is equal to its absorption. In Fig. 2 (left panel) we show the absorption of the wire medium immersed in vacuum for N = 5, 10 and 20 rows of nanocolumns, respectively, numerically calculated using the Fourier modal method (FMM) [15] . We compare these results with the analytically calculated absorption of an effective medium, equivalent to a Fabry-Perot etalon, with same length L = NΛ and effective parameters given by Eqs. (1), (2) . The structure is made of silver nanocolumns with d = 100nm placed in a cubic array of period Λ = 2μm. The dispersion of silver in our calculations is based on experimentally measured data [16] and the silver conductivity in (1) is σ = 6.28*10 7 Ω 1 m 1 . Equations (1), (2) predict λ p~8 .7μm. The effective medium model captures with remarkable accuracy the actual behavior of the structure in the homogenization regime, i.e. when λ>>Λ. In addition, Figs. 2(a-c) show how in the Bragg scattering regime λ~Λ a photonic band gap is formed and the wire medium performs even better than the effective medium description in terms of narrow-band absorption features at the band edges for increasing number of periods. It is evident that the effective medium model breaks down near the band edge, since the effective wavelength becomes comparable to the array period and a homogenized model does not hold. In particular in Fig. 2(c) , the MM resonance located near the plasma wavelength and the high energy band-edge (BE) resonance in the Bragg scattering regime are indicated. The MM absorption is much broader than the band edge absorption, a clear sign of the different physical mechanisms involved in their formation, as discussed in the following.
In the right panel of Fig. 2 , we show the absorption of the same structure, now embedded in a generic, nondispersive host medium with refractive index n b = 1.52. As expected, and in complete agreement with Eqs. (1)- (2), the effective plasma frequency and the corresponding MM resonance are red-shifted to λ p~1 .52*8.7μm~13.2 μm, preserving similar overall resonant features. Fig. 3 . Cross-sectional view of the electric field localization at the MM resonance and at the BE resonance as indicated in Fig. 2(f) . The structure has 20 rows of columns, it starts at z = 0 and ends at z = 40μm. For the help of the eye, the inset shows a magnification of the field localization around a metal column in the two cases.
In Fig. 3 , we show the electric field distribution at the MM resonance at λ = 12.2μm and at the BE resonance at λ = 5.008μm, as indicated in Fig. 2(f) . The different field distributions at the two frequencies highlight the different nature of the two resonance regimes. At the MM resonance, a ~20% reflectance is observed and the electric field homogeneously penetrates the structure, being uniformly attenuated along the propagation direction (z-axis), as expected after propagation in a lossy material with low positive refractive index, penetrable to the impinging wave. This behavior is in complete analogy with the wave propagation in a homogeneous layer of plasmonic material (e.g., silver) at its plasma frequency, except that in the present case the effective plasma frequency of the MM is in the mid-IR, instead of UV. On the contrary, at the BE-resonance the field is strongly localized at the centre of the structure, with a typical single bell-shaped envelope in analogy with the localization properties at the BE resonance in finite, 1-D multilayered structures [17] . In our case the low group velocity and high density of modes available at the BE-resonance [17] not only boosts the local field intensity inside the structure, but at the same time increases the overall absorption over the metallic nanocolumns especially at the high energy band edge where the fields tend to localize more strongly near the metal columns. In both cases, the position of the nanocolumns coincides with the minima of the field, as the field does not penetrate significantly in the metal. In Fig. 4 , we show the emission properties of the proposed structure (Fig. 2(f) ) compared with the black-body emission at different temperatures. The emission is calculated as the product of the absorption/emissivity A(λ) of the structure multiplied by the Planck distribution of the black-body:
 [1] with K B the Boltzmann constant, h the Planck constant, and T the temperature of the source. It is evident that the wire medium can emit quite efficiently both at the MM resonance and at the BE resonance, depending on the temperature of operation. At low temperature, Planck's law favors the emission at the MM resonance, but by increasing the temperature both emissions become accessible. This behavior can simply be explained by considering that the peak of emission of the black-body blue-shifts for increasing temperature. Therefore, the BE resonance, which is located at shorter wavelengths than the MM resonance, will in general be favored for higher temperatures. We remark that this emission pattern can be tuned at will along the entire IR region by simply varying the period Λ and the wire geometry according to Eqs. (1), (2) , offering large tunability to tailor the emission properties of the structure in the desired frequency and temperature range.
In order to further increasing absorption, and therefore emissivity, we may for example reduce the wire cross section from 100nm 2 to 40nm 2 , as shown in Fig. 5 . In this case, the absorption at the MM resonance substantially increases, reaching a value >90%. As expected, the effective medium model describes well the behavior of the structure in this longwavelength regime. Also for this structure the emission at the MM resonance and/or the band edge resonance can be selectively excited depending on the temperature of the structure. Although here we have analyzed just the case of the emissivity along the normal, similar emissivity patterns can be obtained at an angle. In this latter case the position of the MM resonance and of the BE resonance will be simply blue-shifted with respect to the normal incidence case.
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Conclusions
In conclusion, we have studied the thermal emission from a finite metamaterial wire medium composed of silver nanocolumns in a nondispersive dielectric background. We identify two regimes of resonant emission: the first is characterized by broadband emission near the effective plasma frequency of the metamaterial, the second one is characterized by an extremely narrow-band resonance at the band-edge in the Bragg scattering regime. These two resonances can be selectively excited by tuning the temperature of the structure and their spectral position may be tuned along the entire IR region by simply varying the arrangement and size of the wires and/or by varying the refractive index of the host medium. We remark that, although in this work we have considered Ag wires embedded in a dielectric medium, different combinations of metal wires and host media may be similarly explored and analogous results are expected. Moreover, while here we have modeled wires with square cross section, the same results are expected for wires with circular cross section of same area. Finally, we point out that in the present work we have only analyzed the thermal emission properties for E-field parallel to the wires. This condition allows us to consider the metamaterial as an isotropic material with effective dispersion given by Eqs. (1-2) , as in the original work [8] . A more complete study to include a generic polarization is beyond the scope of this manuscript and will be left for future investigation.
